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Abstract 
The hydrological data series from 1951 to 2007 were adopted to analyze and evaluate the flood safety in the Banqiao 
Reservoir. The flood process and the designed values of inflow flood parameters were estimated. The maximum 
water levels of the reservoir under different frequencies were calculated and the flood control capacity of the 
reservoir was rechecked. The results indicate that the flood control capacity of Banqiao Reservoir satisfied the 
standard requirements. And the flood control safety of Banqiao Reservoir is grade A. 
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1. Introduction 
Banqiao reservoir is located in the upper reaches of Ruhe River, tributary of Huaihe River, in Banqiao 
Town of Biyang County, 45 km west of Zhumadian city. The watershed is surrounded by mountains with 
an average elevation of 200m, and is composed of 29% mountains, 41% hills, and 30% river plains. The 
river basin is fan shaped, and there are three rivers, Shitou River, Dasha River and Xiaosha river flow 
directly into Banqiao reservoir. The river sources are short and flow velocity is always high, so the flood 
concentrates quickly and the discharge hydrograph drop and rise steeply, particularly for Shitou river with 
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slope of 1/70-1/150 in the upstream and 1/300 in the downstream. The average annual rainfall in the basin 
is about 1000mm. 65% of rainfall falls in the flood season from June to September. The average annual 
runoff is about 2.8×108m3. The average annual temperature is about 14℃. The maximum flow velocity in 
flood season is 20 m/s. The average annual water surface and land evaporation are 1300 mm and 640 mm 
respectively [1]. The mean annual relative humidity is of 73% and the absolute maximum humidity is 
98%. The soil erosion is mild in the watershed with average annual erosion modulus of 500t/km2•a. 
Figure 1 shows the Banqiao Reservoir watershed and the distribution map of hydrologic stations. 
The Banqiao reservoir is a grade II project and classified as the second level of larege-scale reservoir. 
The major functions of the reservoir are irrigation and power generation. The normal water level is 110 m 
and the design flood level is 117.5 m. The limiting water level is 119.35 m and the crest elevation is 120m. 
The dam parapet wall has a height of 1.5 m. The total reservoir capacity is of 6.75×108m3 with a 
catchment area of 768 km2. Its designed irrigating area is 6.0×105 acres and the installed capacity of 
hydropower is 4×800kW. The Banqiao Reservoir is designed for resisting hundred-year flood, and 
checked for probable maximum flood. According to the latest “Standard for classification and flood 
control of water resources and hydroelectric project (SL252-2000)”, the design flood is determined as 
hudred-year flood, and the check flood is set as 5000-year flood. The existed results were used as a 
reference to quantify the maximum possible flood. 
 
 
Fig. 1. Banqiao reservoir basin and hydrologic stations 
2. Design flood recheck 
2.1. The series 
57-year data series from 1951 to 2007 was adopted to do frequency analysis. Flood elements including 
flood peak flow, maximum 24-hour flood, maximum 3-day flood, maximum 7-day flood and maximum 
15-day flood were calculated. Two data series of 1951-1975 and 1991-2007 were obtained by inverse 
analysis based on reservoir water balance method. 
The observed flows of the hydrologic station at Banqiao river were used to determine interval flood 
volumes. According to reference [2-8], the measured peak flows were  lower than that of reservoir inflow 
around 20%. Therefore the measured peak discharges in the data series of 1976-1990 were amplified for 
20% before representing peak values of reservoir inflow. 
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2.2. Empirical frequency 
As reported by reference [8-10], the return period of catastrophic flood in August 1975 is greater than 
or equal to 600 years because the frequency curve passed through the interval between 600 and 1000 
years. There isn’t flood event whose peak flow exceeds that of the rainstorm of August 1975 in the data 
series during flood recheck. Thus it is still complied that the return period of the flood event in August 
1975 was greater than or equal to 600 years, while its frequency curve still in the range of 600-1000 years. 
Among 57-year data sequence, the flood peak flows are larger than that of the invested historic flood in 
seven years, i.e. 1975, 1972, 1963, 1955, 1982, 2003 and 1999. In which, flood of 1975 is treated as 
catastrophic flood, and floods of the rest 6 years ranks from No. 2 to No. 7 in the 87-year data sequence 
since 1921. Flood volumes of different intervals were also corrected referring to the corresponding return 
period of flood peak flow. 
Besides sorted 7-year floods introduced above, the left 50-year floods in 57-year sequence are ranked 
from No. 8 depending on their measured values. 
2.3. Frequency estimation 
The empirical point values are fitted concerning the flood data sequence and the empirical frequency of 
each data. The P-III type curve is selected as theoretical linetype, and the statistical parameters are 
determined by visual curve fitting process. Table 1 shows the design flood results of Banqiao reservoir. 
Table 1. The design flood results of Banqiao reservoir 
Variables Qm（m3/s） W24h（108 m3） W3d（108 m3） W7d（108m3） W15d（108 m3） 
Statistical 
parameters 
X 1720 0.513 0.701 0.853 1.08 
Cv 1.10 1.18 1.15 1.08 0.95 
Cs/Cv 2.4 2.6 3.0 3.0 3.0 
Design 
values 
（%） 
0.01 19900 6.87 9.79 10.8 11.4 
0.02 18200 6.27 8.91 9.89 10.4 
0.05 16100 5.48 7.75 8.64 9.17 
0.1 14400 4.89 6.88 7.70 8.23 
0.2 12800 4.31 6.02 6.77 7.30 
1 9110 2.98 4.10 4.67 5.17 
2 7550 2.43 3.30 3.79 4.28 
5 5530 1.72 2.30 2.69 3.14 
10 4050 1.22 1.59 1.90 2.31 
20 2650 0.76 0.97 1.20 1.54 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Design flood hydrographs with different frequencies based on typical flood of (a) 8-75; (b) 8-63 
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2.4. Design flood hydrograph 
In reference [11, 12], for design floods whose return periods lower than a hundred years, the flood in 
August 1963 (hereinafter referred to as 8-63) is selected as the typical flood to calculate design flood 
hydrographs; and for the design floods whose return periods longer than a hundred years, the flood in 
August 1975 (hereinafter referred to as 8-75) is considered as the typical flood to calculate design flood 
hydrographs. In the data sequence of the research, there is no rainstorm which exceeded the flood 
responses of 8-63 and 8-75 events, so the above rules of deriving design flood hydrographs are followed 
by taking 8-63 and 8-75 events as typical floods. Figures 2 and 3 demonstrate the design flood 
hydrographs of different frequencies. 
3. Flood regulation 
3.1. Flood control principles 
The starting regulation level is defined as 110 m which is the highest profitable water level during 
flood season. For the flood lower than 100-year flow, control policies follow 3 levels. For the flood more 
than 100-year flow, different control methods should be applied according to flood situations as follows. 
For 20-year flood designed by 8-63 event, flood discharge is equal to the inflow when the inflow is less 
than 100 m3/s; and flood discharge is set to be 100 m3/s when the inflow exceeds 100 m3/s. For 50-year 
flood designed by 8-63 event, discharge is controled at 500 m3/s. For 100-year flood designed by 8-75 
event, the control discharge is 2000 m3/s. For the flood more than 100-year flow, the free flow manner is 
adopted. 
3.2. Tables 
The static capacity method is used for flood regulation based on joint solution of water balance 
equation and storage and discharge equation of the reservoir. The flood routing results with the starting 
level at 110 m are presented in Table 2. 
4. Flood control capacity recheck 
Banqiao dam is composed of concrete spillway dam and the earth-rock fill dam. The flood control 
capacity recheck of the Banqiao reservoir should examine the crest superelevations of these two kinds of 
dams. 
4.1.  The crest superelevation recheck for the concrete spillway dam 
As stated in “Standard for classification and flood control of water resources and hydroelectric project” 
and “Design specification for concrete gravity dams (SL319-2005)”, the crest elevation should be higher 
than the check flood level, and elevation of the wave protection wall should be higher than the wave 
height. So the crest superelevation of the concrete spillway dam is calculated by the following equation. 
Table 2. The design flood results of Banqiao reservoir 
Frequencies 5% 2% 1% 0.2% 0.1% 0.05% 0.02% PMF 
Maximu discharge（m3/s） 100 500 2000 12600 12700 13000 13500 14400 
Maximum water level（m） 115.00 116.12 117.76 118.20 118.23 118.51 118.92 119.63 
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               1% z ch h h h  ＝                                                                                                            (1) 
Where h  is the height difference between the normal storage water level or the check flood level and 
the top elevation of the wave protection wall (m), h1% is the wave height (m), hz is the height difference 
from normal or check flood level to wave central line (m), hc is the safe superelevation depending on the 
dam grade and the calculation status (m). The Banqiao concrete dam is of grade II, accordingly the safe 
superelevation is 0.5 m at the normal storage level and 0.4 m at the check flood level. 
4.1.1 Wave parameter estimation 
Conformed to “Design specification for concrete gravity dams (SL319-2005)”, wave elements are 
estimated by the Hedi equation. 
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Where h2% is the wave height with a cumulative frequency of 2% (m), Lm is the average wavelengh 
(m), D is the length of the wind zone (m), v0 is the wind speed (m/s). 
The average wave height is computed by Putian reservoir formula. 
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Where hm is the average wave height (m), Hm is the average water depth (m), W is the wind speed 
(m/s), D is the length of the wind zone (m), g is the acceleration of gravity taking value of 9.81 m/s2. 
 h1% is the wave height with a cumulative frequency of 1% (m). It can be determined by the ratio of the 
wave height under certain cumulative frequency and the average wave height which is listed in the 
“Design specification for concrete gravity dams (SL319-2005)”. 
Since the air resistance is less than that of water, the height of the wave crest above the static water 
table is greater than the depth of the wave trough under the static water table. The height between the 
wave central line and the specified water level can be calculated as following. 
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Where Lm is the average wavelength (m), H is the water depth of the upstream face of the water-
retaining structure (m), hz is the height from the wave central line to the specified water level (m). 
4.1.2 Reservoir crest superelevation calculation 
Based on the above formulas, the safe ultra-heights and the top elevations of the wave protection wall 
are listed in Table 3. 
In the Table 3, the top elevations of wave protection wall adding wave run-up and safe ultra-height in 
design and check conditions are 120.17 m (1%) and 120.52 m (0.02%). The top elevation of wave 
protection wall under dam preserving condition is 121.23 m. The actual top elevation of wave protection 
wall is 121.50 m. Thereby the crest superelevation of the reservoir satisfy the standards. 
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Table 3. The crest superelevations of the concrete spillway dam of Banqiao reservoir 
Calculation conditions Design flood level/m Check flood level/m Dam preserving flood level/m 
1%h  1.518 0.961 0.959 
zh  0.396 0.239 0.239 
ch  0.50 0.40 0.40 
1% z ch h h h  ＝  2.414 1.600 1.598 
Water level of the reservoir 117.76 118.92 119.63 
Top elevation of the wave protection wall 120.17 120.52 121.23 
4.2. The crest superelevation recheck of the earth-rock fill dam 
As requested by “Standard for classification and flood control of water resources and hydroelectric 
project” and “Design code for rolled earth-rock fill dams (SL274-2001)”, the crest elevation should be 
higher than the check flood level, and elevation of the wave protection wall should be higher than the 
wave height. So the height difference between the crest superelevation and the design or check flood level 
can be calculated by the following equation. 
Y R e A                                                                                                                                    (5)  
Where Y is the crest ultra-height above the static water level (m), R is the maximum climbing height of 
wind wave along the dam slope (m), e is the maximum wind backwater (m), A is the safe superelevation 
(m) 
The earth-rock fill dam in Banqiao is of grade II, accordingly the safe superelevations are 1.0 m for 
design situation and 0.5 m for special cased in hilly area. 
4.2.1 Wave parameter estimation 
Wave elements are estimated by the Hedi equation presented in section 4.1.1. For a dam of grade II, 
design wind speed is 1.5-2.0 times of the mean annual maximum wind speed under normal conditions, 
and is average annual maximum wind speed under special conditions. The climbing height is the value 
with a cumulative frequency of 1%. The ratio of climbing height under certain cumulative frequency and 
averaged value can be obtained in the look-up table. In agreement with the standard, the average wave 
run-up equation of positive waver along the single slope is selected based on the upstream slope 
coefficient of the reservoir. 
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Where Rm is the average wave run-up (m), K  is the permeability coefficient of slop roughness, KW is 
an empirical parameter, m is the slope coefficient (m=2.5), Lm is the average wavelength (m). 
The wind banked-up height is calculated as follows. 
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Where e is wind banked-up height, D is the wind zone length (m), K is the integrated friction factor 
taking a value of 3.6×10-6,   is the  angle between wind direction and the normal line of dam axis (°). 
4.2.2 Reservoir Crest Superelevation calculation 
In summary, the safe ultra-heights of earth-rock fill dam are listed in Table 4. 
Table 4. The crest superelevations of the concrete spillway dam of Banqiao reservoir 
Calculation conditions Water level/m R/m e/m A/m Crest superelevation/m 
Normal 
application Design flood level 117.76 2.10 0.01 1.00 120.87 
Special 
application 
Check flood level 118.92 1.37 0.00 0.50 120.79 
Dam preserving flood 
level 119.63 1.37 0.00 0.50 121.50 
In the Table 4, the top elevation of the dam is 120.87 m in normal application. While in special 
applications the crest elevations are 120.79 m and 121.50 m under check flood level and dam preserving 
flood level respectively. The actual top elevation of wave protection wall is 121.50 m. Thereby the crest 
superelevation of the reservoir satisfies the standards. 
Furthermore, according to “Standard for classification and flood control of water resources and 
hydroelectric project (SL252-2000)”, the top height of the soil impervious body of the earth-rock fill dam 
should be counted into the superelevation above design static water level (about 0.6-0.3 m), and which 
should not be lower than the check flood level. After recheck, the top elevation of the soil impervious 
body meet the standard requirement. To sum up, the crest elevation of Banqiao reservoir conforms to the 
standards. 
4.3. Summary 
On all accounts, the crest elevations of both concrete dam and earth-rock dam comply with the 
standard considering the crest ultra-heights (wave height adding safe height). The top elevation of the soil 
impervious body also follows related rules. 
5. Conclusion 
(1) Banqiao reservoir is of large-2 scale belonging to the level II project, whose major structure is of 
grade 2. The safety assessment was based on “Standard for classification and flood control of water 
resources and hydroelectric project (SL252-2000)” to define 100-year flood as design criteria and 5000-
year flood as check criteria. 
(2) Through flood routing, water level of 117.76 m and maximum discharge of 2000 m3/s are 
determined for 100-year flood, water level of 118.92 m and maximum discharge of 13500 m3/s for 5000-
year flood, and water level of 119.63 m and maximum discharge of 14400 m3/s for 10000-year flood. 
(3) Recheck of the dam crest ultra-height proved that the top elevations of the dam and the soil 
impervious body meeting the standard requirements. It has been concluded that the flood control 
standards satisfied the corresponding regulations, plus standby power facilities and open-close 
instruments worked well. The flood can be drained over spillway as design conditions as well. The flood 
control security is of grade A for Banqiao reservoir. 
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